BACKGROUND/OBJECTIVES: Body mass index (BMI) (weight per height 2 ) is the most widely used marker of childhood obesity and total body fatness (BF). However, its validity is limited, especially in children of South Asian and Black African origins. We aimed to quantify BMI adjustments needed for UK children of Black African and South Asian origins so that adjusted BMI related to BF in the same way as for White European children. METHODS: We used data from four recent UK studies that made deuterium dilution BF measurements in UK children of White European, South Asian and Black African origins. A height-standardized fat mass index (FMI) was derived to represent BF. Linear regression models were then fitted, separately for boys and girls, to quantify ethnic differences in BMI-FMI relationships and to provide ethnic-specific BMI adjustments. RESULTS: We restricted analyses to 4-12 year olds, to whom a single consistent FMI (fat mass per height 5 ) could be applied. BMI consistently underestimated BF in South Asians, requiring positive BMI adjustments of +1.12 kg m −2 (95% confidence interval (CI): 0.83, 1.41 kg m −2 ; Po 0.0001) for boys and +1.07 kg m −2 (95% CI: 0.74, 1.39 kg m −2 ; P o 0.0001) for girls of all age groups and FMI levels. BMI overestimated BF in Black Africans, requiring negative BMI adjustments for Black African children. However, these were complex because there were statistically significant interactions between Black African ethnicity and FMI (P = 0.004 boys; P = 0.003 girls) and also between FMI and age group (P o0.0001 for boys and girls). BMI adjustments therefore varied by age group and FMI level (and indirectly BMI); the largest adjustments were in younger children with higher unadjusted BMI and the smallest in older children with lower unadjusted BMI. CONCLUSIONS: BMI underestimated BF in South Asians and overestimated BF in Black Africans. Ethnic-specific adjustments, increasing BMI in South Asians and reducing BMI in Black Africans, can improve the accuracy of BF assessment in these children.
INTRODUCTION
Overweight and obesity in UK children represent a major public health challenge, 1 with both short-and long-term consequences for physical and mental health. [2] [3] [4] [5] Accurate assessment of total BF is critical for effective surveillance, prevention, diagnosis and management of this problem. 6 Body mass index (BMI) (weight per height 2 ) is the most widely used marker of obesity and total BF in children as well as adults, providing the basis for most widely used definitions of childhood overweight and obesity. 7, 8 However, the validity of BMI as a marker of childhood total BF is limited, 9 particularly in UK South Asian and Black African ethnic minority populations. BMI systematically underestimates total BF in UK South Asian children 10, 11 and systematically overestimates total BF in UK Black African children. 10, 11 These errors are a cause for concern in both ethnic groups but especially in UK South Asian children, who have a higher burden of total BF and obesity, 10, 11 greater metabolic sensitivity to the effects of BF 12, 13 and high long-term risks of complications of increased BF, particularly type 2 diabetes and cardiovascular disease. 14, 15 The errors in the measurement of BMI could potentially be addressed by adjusting BMI for ethnicity, 16 so that adjusted BMI values have the same relationship to total BF as in White Europeans. 11 We have therefore pooled data from four studies that used the deuterium dilution method to make accurate measurements of body water-and indirectly of fat-free mass (FFM) and fat mass (FM)-in UK boys and girls of White European, South Asian and Black African origins aged 4-15 years. These data were used to quantify the BMI adjustments needed for South Asian and Black African children, to ensure that adjusted BMI values had the same relationship to total BF (expressed as a fat mass index (FMI)) as in White Europeans. 11 
MATERIALS AND METHODS Data sources
Data from four recent studies, which used the deuterium dilution method to measure total body water (TBW; and indirectly FM) in population-based samples of UK children aged between 4 and 15 years, were obtained and pooled for analysis. Details of these studies and their participants are 1 provided in Supplementary Tables S1 and S2. Three of the four studies were carried out during the past 10 years and were primarily populationbased studies based in primary or secondary schools, including approximately equal numbers of children of White European, South Asian and Black African origin; 11, 17, 18 a small number of individuals in the ELBI study 17 who were recruited from an obesity clinic (n = 19) were excluded from analysis. The fourth study, conducted over several years, predominantly included White European volunteers recruited by advertisement. 19 Ethnicity was based on a combination of self-reported parental information on parental ethnicity 11 and child ethnicity, 11, 18, 19 with self-reported participant information on ethnicity for older children, 17, 19 In all four studies, participants had standardized measurements of height and weight and TBW measured using the deuterium dilution method. They received standard deuterium oxide dosages and saliva samples were obtained for deuterium measurement at baseline and between 4 and 5 h postdose; participants avoided food and drink for at least 30 mins before each sample. All fluid consumption between the deuterium dose and the second saliva sample was documented. Deuterium concentrations in each saliva sample and each individual deuterium dose were measured by isotope-ratio mass spectrometry. 19 TBW was calculated incorporating a correction for the exchange of deuterium with non-aqueous hydrogen 20 and adjusting for fluid intake during the equilibrium period. FFM was calculated from TBW using assumed hydration of lean tissue; 21 FM was calculated as the difference between body weight and FFM.
Statistical methods
Standardizing fat mass for height. To investigate the relationship between BMI and total BF, it was first necessary to derive a height-independent FMI. To assess accurately the height power needed, log-transformed FM (dependent variable) was regressed on log-transformed height (independent variable), 22 adjusting for sex and age in 1-year age groups. We then investigated whether the height power varied by age, ethnicity or sex by fitting two-way interaction terms between log height and these covariates. An interaction term for log height with age (in 1-year intervals) was included first and its statistical significance was assessed by means of a likelihood ratio test, followed by fitting of an interaction term for log height with ethnicity (interactions for South Asians and Black Africans were evaluated separately) and finally for log height with sex. Statistical significance was set at the 5% significance level for all likelihood ratio tests. In sensitivity analyses, models were stratified by sex and the above model building procedure was repeated.
Regression models relating body mass index and FMI. Regression models, stratified by sex, were used to quantify the ethnic differences in BMI-FMI relationships. BMI was regressed against FMI with additional covariates for ethnic group and age. Age was fitted in three prespecified 3-year groups (4.0-6.9, 7.0-9.9 and 10.0-12.9 years) to provide robust and stable agespecific estimates by sex, ensuring that all potentially pubertal children would be in the third group. Examination of the data suggested that the use of these 3-year age groups accounted for age effects adequately without a need for finer age divisions. All two-way interaction terms between FMI, ethnicity and age groups were included in the model using a stepwise forwards approach 23 and three way interactions were only considered if their corresponding two-way interactions were statistically significant. The statistical significance of each interaction term was tested using the likelihood ratio test at the 5% significance level. All statistically significant interactions were included in the model, and model fit was checked by assessing residual plots and measures of R 2 gave an indication of the amount of variation explained by the model. These regression models were used to construct plots of BMI against FMI in each ethnic group by the 3-year age categories for boys and girls, to demonstrate ethnic differences in the BMI-FMI relationships. Finally, the ethnicity adjustments for each age and sex group were derived from the best-fitting regression model coefficients (as explained in detail in Supplementary Appendix 1). A summary of adjusted BMI values for unadjusted BMI values between 13 and 25 kg m −2 (5th to 95th BMI centiles for the 4-12-year-old study population) is presented (Table 1) , together with full tabulations of adjusted BMI values and of adjustment factors for each 0.1 kg m −2 BMI increment across the complete BMI range in this study population (12-36.9 kg m −2 ; Supplementary Tables S3 and S4, respectively). Table 2 shows mean (s.d.) height, weight, BMI, FM and FFM values for boys and girls within each age group from the combined data set. Mean levels of all variables increased with age group, for both boys and girls. Across age groups, girls had a greater average weight and FM than boys. Black African children were consistently taller, weighed more and had a higher FFM than other ethnic groups, except in the oldest girls. Slightly different patterns were observed for FM; Black African and South Asian children had higher FM than White Europeans of the same age group, with the exception of girls in the oldest age group. Histograms showing the distributions of BMI, weight, FM and FFM by sex and age groups are presented in Supplementary Figure S1.
RESULTS
Standardizing fat mass for height Based on a model regressing log FM on log height, age groups, sex and ethnicity, the age-specific height powers providing a height-independent FMI for both sexes combined are presented Abbreviation: BMI, body mass index. Adjusted BMI values based on coefficients from best-fitting regression models in Table 3 for 1 kg m −2 intervals between 13 and 25 kg m −2 (5th to 95th BMI centiles). For precise unadjusted and corresponding adjusted BMI at 0.1 kg m −2 increments across the full BMI range see Supplementary Table S5 .
in Figure 1 . From the model, the optimal height power was consistently close to 5 between 4 and 12 years, but declined markedly from 13 years upwards; the interaction between log height and 1-year age groups was highly statistically significant (P lrtest o0.0001). In children aged 4-12 years (with older children excluded), there was no evidence of interaction between log height and 1-year age groups (P lrtest = 0.87), suggesting that the height power was consistent across this slightly restricted age range. There was evidence of interaction between log height and Black African ethnicity (P lrtest = 0.01), but no evidence of an interaction between log height and South Asian ethnicity (P lrtest = 0.72); the estimated optimal height powers were 5.6 in Black Africans, 4.9 in White Europeans and 4.8 in South Asians. As it was crucial to have a constant height power across ethnic groups so that FMI was on the same scale, we investigated the use of these different height powers in the derivation of FMI. The absolute magnitude of the difference in FMI obtained using height powers between 5.6 or 4.8 was very small and the correlation between the FMI with height powers of 5.6 and 4.8 was very high (r = 0.99) and (by definition) the ranking of individuals remained the same across the range of FMI. We therefore excluded the Black African interaction with log height from the model. There was no evidence of interaction between log height and sex (P lrtest = 0.26). The overall height power needed to standardize FM for children aged 4-12 years was 5.05; for simplicity a power of 5.00 was used to derive FMI (kg m −5 ) for all children. Sensitivity analyses stratified by sex showed that the height powers needed for boys and girls were similar ( Supplementary Figures S2 and S3 ), but model coefficients were less stable in sex-specific analyses.
Regression models relating BMI and FMI The forward stepwise procedure regressing BMI on FMI, ethnicity and age groups separately for each sex elicited the same order of selection of covariates in boys and girls. In addition to main effects (ethnicity and age groups), the strongest two-way interaction was between FMI and age group (P lrtest o0.0001 in boys and girls), followed by FMI and Black African ethnicity (P lrtest = 0.004 in boys and P lrtest = 0.003 in girls). Other two-way interactions were not statistically significant at the 5% level ( Supplementary Table S3 ). Graphical summaries of these modeled associations are presented in Figure 2 for boys and girls. The associations between BMI and FMI differed between ethnic groups. As the child's age increased, the BMI-FMI relationships became steeper for all ethnic groups. Both South Asian boys and girls had a consistently lower BMI for any given FMI than their White European counterparts for all three age groups; the BMI differences were constant at different FMIs and different age groups. Black African children, compared with White Europeans, had a higher BMI for any given FMI. However, the differences between the Black Africans and White Europeans increased further at higher levels of FMI. (For example, the absolute differences in BMI between Black African and White European children for a given FMI of 2 kg m −5 , 4 kg m −5 and 6 kg m − 5 were 1.3, 2.2 and 3.1 kg m −2 , respectively) The corresponding regression coefficients (from which the figures were produced) are presented in Table 3 . Normal plots of the residual did not show any departures from normality and there was no evidence of residual curvature when residuals were plotted against fitted values. The overall R 2 values indicated that the final models explained 74% of the variance in BMI for boys and 72% for girls. Table S4 ).
DISCUSSION
The aim of this research was to determine whether simple adjustments could be made to BMI values in South Asian and Black African children to provide BMI values with similar relations to total BF as those in White European children. In South Asian children aged between 4 and 12 years, single adjustment factors for South Asian boys and girls, adding~1.1 kg m −2 to the unadjusted BMI value irrespective of age and FMI, achieved this aim. For Black African children, negative adjustment factors achieved this aim, but these varied strongly with age and with FMI (and indirectly with unadjusted BMI); the smallest adjustment factors were applicable to older children with low BMI values and the largest to younger children with high BMI values.
Consistency with previous reports
The optimal FMI in children aged 4-12 years (FM per height 5 ) was consistent with the results of earlier studies in 8-year-old 22 and 9-10-year-old children. 10 In children aged 13 years and over, the optimal height power was markedly lower, reaching~2 by 14 years of age. This is broadly consistent with a previous report suggesting an optimal height power of 2 for FMI in young adults. 24 The low BMI levels in relation to FMI in South Asian children are consistent with previous reports in children based on bioimpedance, 10 deuterium dilution 11, 25 and dual-energy X-ray absorptiometry 26 and with earlier studies in Asian adult populations. 27 The high levels of BMI in relation to FMI in Black Africans are consistent with previous reports based on bioimpedance, 10 deuterium dilution, 11 dual-energy X-ray absorptiometry 26 and skinfold thickness measurements. 28 As noted previously, 10 these distinct ethnic patterns probably have different explanations, with the pattern in South Asian children reflecting the systematically higher FM and lower lean mass at a given BMI in children of approximately similar height. 10, 27 In contrast, the pattern in Black African children is likely to reflect their markedly greater height and different body shape. The positive BMI adjustments described here for South Asian children are consistent in direction with the lower BMI thresholds recommended for the definition of obesity in UK South Asian adults based on equivalent type 2 diabetes risk. 29, 30 However, the size of the adjustments described here for South Asian children are markedly smaller than the adjustments in adult BMI thresholds, probably reflecting both the younger age group in the present study and different point of reference (total BF levels rather than type 2 diabetes risk levels).
Strengths and limitations
To our knowledge, this is the first analysis to use the deuterium dilution reference method to quantify BMI-FMI relationships in UK South Asian and Black African children across a relatively wide age range, to provide ethnic-specific BMI adjustments. BMI is a widely used marker of obesity and total BF in White European children; 31 the deuterium dilution method provides accurate, safe and minimally invasive measurements of TBW (and FM) with an error of o1%. 32, 33 The investigation was based on a pooled data resource including large numbers of UK children of South Asian and Black African origin as well as reference populations of White European children, allowing reasonably precise quantification of ethnic differences in the BMI-FMI relationship in the three main ethnic groups across a wide age range across which a single FMI could be applied (4-12 years), which importantly included both the younger (4-5 years) and older (10-11 years) age groups of the Figure 2 . Relationships between BMI and FMI by age group for children of White European, Black African and South Asian origin. Body Mass Index based on best fitting linear regression models presented in Table 3 .
English National Child Measurement Programme, groups in which the need for accurate BMI interpretation is particularly pressing. However, this approach could not be applied to older children (13-15 years) who had a very different optimal FMI from that in 4-12 year olds. Although the study had limited ability to define separate adjustments for Indians, Pakistanis and Bangladeshis and for Black Africans of African and Caribbean descent, exploration of data for these separate ethnic subgroups suggested that there was no appreciable heterogeneity in BMI-FMI associations within the main South Asian and Black African groups, so that the adjustments provided should be widely applicable to UK South Asian and Black African children, who together account for a substantial proportion of the UK ethnic minority child population. However, the combined study resource included few children of other specific ethnic groups and children of mixed ethnicity; separate and specific studies would be needed to examine whether adjustments are needed in these other population groups. The generalizability of the adjustments developed for South Asian and Black African children outside the UK setting remains uncertain. It is possible that they are valid for children of South Asian and African origins in other Western countries, although this would require independent confirmation. We would however advise caution in the use of these adjustments in countries with majority South Asian or Black African populations, particularly when country-specific reference data are being used to define weight status. The use of equivalent total body fatness as a reference point for deriving BMI adjustments in children is supported by its strong relationship to insulin resistance in childhood 12 and by its greater contribution to explaining the higher levels of emerging insulin resistance and type 2 diabetes risk in childhood than simple markers of central and visceral adiposity. 12, 34 However, it is possible that using equivalent levels of visceral fat, which is particularly implicated in insulin resistance and type 2 diabetes risk in adults, 35, 36 as the basis for adjustments would have advantages over total BF. There is some evidence that South Asian adults have a greater proportional excess of visceral fat than total BF, 37 which would suggest that adjustments needed for South Asians could be larger than those indicated by equivalent total BF. However, this pattern has not been consistently reported in all studies 38 and accurate data on ethnic differences in visceral fat in UK children are currently limited. It is also possible that South Asian children in particular have greater metabolic sensitivity to the effects of body fatness (including total BF) than White Europeans. 12 This would also raise the possibility that BMI adjustments for South Asian children should be larger than those based on equivalent total BF, although again currently available data do not allow this possibility to be addressed in the formulation of adjustments.
Implications: potential for application in practice We have shown that it is possible to derive adjusted BMI values for UK South Asian and Black African boys and girls, which are related to total BF (represented by FMI) in the same way as in White European children. For South Asians, the adjustments are positive and very simple, with increases of~1.1 kg m −2 both for boys and girls, irrespective of age and FMI. For Black Africans, the adjustments needed are negative and dependent on age group and FMI level, varying between − 0.12 and − 5.52 kg m −2 . Such adjustments should overcome the underestimation of total BF in South Asian children and its overestimation in Black African children, which arise when unadjusted BMI is used. 10, 12 These adjustments should be applicable for all UK children of South Asian and Black African origin; they may also be applicable in other settings but further evaluation will be needed. Once the relevant ethnic-specific adjustments are applied, it should then be possible to estimate weight status using the standard definitions used in the United Kingdom, including the UK 1990 growth reference and International Obesity Task Force classification systems. 8, 39 The use of this approach is therefore effectively using ethnic-specific assessment of BMI and it therefore departs from earlier recommendations, which have expressed caution or opposed ethnic-specific assessment of BMI in UK children, 40, 41 although such assessment is now advocated in adults. 29, 41 However, this approach, with initial BMI adjustment followed by the use of standard definitions for weight status relevant to the local population would be a simple process to implement and would avoid the need for new ethnic-specific BMI cutoffs for categorizing weight status in individual children, thereby reducing the scope for error and confusion.
Application of these adjustments should reduce the misclassification of individual children between normal and overweight- Abbreviations: BMI, body mass index; FMI, fat mass index. R 2 boys, girls = 74.2%, 71.7%. Best-fitting linear regression models fitted for boys and girls separately with adjustment for ethnicity and age group and including statistically significant interaction terms (denoted by an asterisk). P-values were based on likelihood ratio tests. obese categories. It would however result in an appreciable increase in the prevalences of overweight-obesity in South Asian children, with a reduction in overweight-obesity prevalences in Black African children. For control of childhood overweightobesity and its consequences, this reduction in the under diagnosis of overweight and obesity in UK South Asian children would be particularly important; these children have higher levels of total BF than White Europeans 10, 12 and are at high long-term risk of type 2 diabetes and cardiovascular diseases. 13, 42 In addition, the application of these adjustments to population-based data on BMI in children, particularly in national surveys including the National Child Measurement Programme 43 and the Health Survey for England 14 should increase the accuracy with which population burdens of total BF, overweight and obesity in UK children from different ethnic groups are assessed.
The adjustments can be applied directly from the specific estimates provided above for South Asian children and for Black African children using the age and BMI-specific data presented for each 0.1 kg m −2 of BMI in Supplementary Table S3 . Alternatively, a web-based calculator developed by the authors can be used, which links the calculation of adjusted BMI values (given the age, sex, weight, height and ethnicity of the individual child) to the weight status definitions (underweight, healthy, overweight, obese) provided by the UK 1990 growth reference reference populations (http://www.sgul.ac.uk/research/population-health/ bmiadjust).
CONCLUSION
The relationships between BMI and FMI differ between South Asians, Black Africans and White Europeans in children aged 4-12 years, so that BMI underestimates BF in South Asians and overestimates it in Black Africans. BMI adjustments have been calculated for UK South Asian and Black African children, so that adjusted BMI values are related to FMI in the same way as in White Europeans. These can be used to make the assessment of BF more accurate, both in individual UK children of South Asian and Black African origins and in the UK child population as a whole.
